In this paper, electrochemical impedance spectroscopy was used as non destructive technique (NDT) for studying the carbonation behavior of the concrete sample treated with migratory type of organic corrosion inhibitors. Concrete carbonation was achieved in carbonation chamber by maintaining 5% CO 2 by volume, 60-70% relative humidity and 30 ± 2°C temperature for 90 days. The experimental results show that with progressive carbonation, porosity of the concrete reduces and results in denser microstructure. The concrete surface treated with corrosion inhibitor C.I. 1 (amine -ether based) and C.I. 2 (2-aminobenzoic acid) shows the behaviour different form the control sample at the end of exposure conditions. Impedance results indicate that carbonation depth can be predicted by analyzing the high frequency arc of Nyquist plot. Also, both of the tested inhibitors were able to form a passive layer around the rebar surface and their efficiencies improved with time.
Introduction
Reinforced concrete structures are designed to meet strength and durability requirements throughout their service life. Concrete provide protection to rebar physically by concrete cover and chemically by presence of thin passive film (γ-Fe 2 O 3 ) that forms in the high alkaline environment of concrete. However, this protective layer breaks down either by the carbonic acid formed by reaction of CO 2 with moisture present in environment or by the presence of chloride ions. CO 2 present in air reacts with cement hydration products such as Ca(OH) 2 , C-S-H gel etc. leading to the formation of CaCO 3 which results in lowering the pH of the pore solution (Sisomphon and Franke 2007; Aguiar and Junior 2013) . Lowering the pH of pore solution (from 13.5 to nearly 8) break down the protective passive layer that protects the rebar from corrosion.
Among the various protection mechanisms, corrosion inhibitors gained popularity over the last two decades. Corrosion inhibitors can be added to the fresh concrete for new structures or can be applied to the hardened concrete surface as surface applied inhibitors. Several studies have been conducted to evaluate the effectiveness of admixed inhibitors to inhibit the reinforcement corrosion in chloride enrich environment (Sideris et al. 2005; Montes et al. 2004; Saraswathy and Song 2007; Jamil et al. 2003) . These studies concentrate mainly on calcium nitrites, sodium nitrite, zinc oxide, ethanolamine based and amino-alcohol based inhibitors. Apart from admixed inhibitors, surface applied inhibitors also gained popularity during the past 15 years. Wombacher et al. 2004; Malik et al. 2004; Holloway et al. 2004; Soylev et al. 2007 and Jamil et al. 2004 investigated the effectiveness of surface applied inhibitors in chloride induced corrosion. Most of the previous studies investigating the performance of surface applied organic inhibitors focused on chloride induced corrosion. The performance under carbonation induced corrosion is based on use of the inhibitors as admixed into concrete (Trabanelli et al. 2005; Criado et al. 2012; Monticelli et al. 2011) . In the present research work, use of migratory type organic based inhibitors in carbonation induced corrosion is explored. It has already been established, in the previous study (kaur et al. 2016) , that amino alcohol based inhibitor and 2-amino-benzoic acid have the potential to be used as migratory (surface applied) type inhibitors. These inhibitors were observed to reduce the ingress of carbonation front in concrete cover when applied on the surface after 15 days casting of concrete. Also, the corrosion current density of inhibitor applied specimens was found to be in the passive state even after 90 days of accelerated carbonation exposure (kaur et al. 2016) .
Presently, to quantify the carbonation process, variety of methods such as phenolphthalein indicator, pH meter test, thermo-gravimetric analysis and X-ray diffraction analysis were used Khunthongkeaw et al. 2006; Chang and Chen 2006; Fukushima et al. 1998 ). However, all above mentioned methods are uncertain and destructive, required the collection of samples out of a concrete structure.
Electrochemical impedance spectroscopy (EIS) is be-coming increasingly popular as non-destructive technique (NDT) for investigating the electrochemical behaviour of complex heterogeneous systems, like reinforced concrete. Electrochemical impedance spectroscopy has been used by various researchers as an effective method to provide information regarding microstructure of concrete, corrosion rate and reaction at the steel-concrete interface Dhouibi et al 2002; Ismail and Ohtsu 2006; Duarte et al. 2014 , Montemor et al. 2002 Ribeiro and Abrantes 2016; Braganca et al. 2014; Criado et al. 2012; Trabanelli et al. 2005) . Electrochemical impedance spectroscopy involves the analysis of the material by applying an alternating current signal to a sweep of frequencies (Braganca et al. 2014) . Since rebar corrosion is also an electrochemical process, this technique can be effectively used to monitor the behavior of steel embedded in concrete. Electrochemical impedance gives the information regarding the corrosion kinetics, corrosion mechanism, morphology of corrosion and conditions of the rebar due to corrosion (Ribeiro and Abrantes 2016) . EIS has the capability of studying the charge dynamics in the bulk and the interfacial regions of solid and liquids .
Despite from the wide use of EIS for analyzing the corrosion rate and reaction at the steel-concrete interface (Ismail and Ohtsu 2006; Duarte et al. 2014) , little research has been performed with regards to prediction of carbonation behavior of concrete by using EIS . As EIS can be performed in-situ also, thus there is a need to look into the potential of EIS in carbonation depth prediction. Besides, EIS may predict the onset of de-passivation of rebar as well. Consequently, present study aimed to investigate the effectiveness of electrochemical impedance spectroscopy in evaluating carbonation behavior of reinforced concrete specimens. Also, the effectiveness of migratory type organic inhibitor under carbonation induced rebar corrosion is investigated.
Experimental program

Materials
The cement used in the present study was Pozzolana Portland cement confirming to IS: 1489 (BIS 2005 ) with river sand used as fine aggregates confirming to IS: 383-2002 383- (BIS 2002 .The coarse aggregate used was crushed gravel with nominal particle size of 20 mm and 10mm. The physical properties of all the aggregates are presented in Table 1 . Table 2 presents the mix proportions adopted for preparation of concrete specimens.
The embedded steel used in concrete specimens was Thermo Mechanically Treated (TMT) bar confirming to BIS: 1786 -1985 (BIS, 1985 . The steel rebar was 12 mm in diameter and 360 mm in length. Before embedding the steel rebar into concrete, it was prepared as per ASTM G 109 (ASTM, 2005) . Briefly, the preparation started with cleaning of the TMT bar by rubbing it with emery paper and laboratory grade hexane to remove any rust present on the surface. To ensure electrical connectivity, 3 mm threaded hole was made at one end of the bar. The bars were then allowed to air dry. Further, insulating tape was applied for a length of 55 mm at each end of the steel bar in order to leave only central 250 mm portion bare. Then, 3mm thick neoprene tube with internal diameter 12 mm was mounted over the insulating tape. Epoxy was then filled in the length of the neoprene tube. This process ensured that only central portion of the bar will be subjected to corrosion. The line diagram of the preconditioned steel specimen is shown in Fig. 1 .
Along with concrete and reinforcing steel, organic based compounds were used as surface applied type inhibitors. The choice of the inhibitors was based on preliminary studies performed on the bare steel specimens in synthetic solution prepared by bubbling carbon dioxide in saturated solution of calcium hydroxide. The details of the preliminary tests are reported in Kaur et al. 2016 . From the preliminary studies, it was established that amino alcohol based commercial inhibitor (C.I. 1) and 2-amino benzoic acid (common name: Anthranilic acid) have the potential to arrest rebar corrosion in carbonated environment. To use these compounds as surface applied inhibitors on hardened concrete surface, a viscous solution of these inhibitors was required. Out of the two chosen inhibitors, C.I. 1 was already in solution form, while 2-amino benzoic acid (C.I. 2) was available in powder form. Therefore, C.I. 2 was converted into liquid form by adding di-methyl sulpho-oxide (DMSO) and Methanol, which does not alter the chemical properties of 2-aminobenzoic acid.
Specimen preparations and exposure conditions
For carbonation depth measurement 100 mm cubes were cast, while for the measurement of carbonation behavior by electrochemically prism specimens having size 300 x 300 x 150 mm were prepared with three rebars embedded in it at different levels. One rebar was placed at the top with clear cover of 5 mm and two steel rebars were embedded at the bottom with cover of 25 mm. The top rebar was used to measure corrosion current while the bottom rebars were used to measure galvanic coupling potential. The present study focuses on electrochemical impedance spectroscopy. Therefore, the results corresponding to the top rebar are presented. The top clear cover of the rebar was kept as 5 mm to facilitate carbonation front to reach the rebar level in smaller exposure duration. Specimens were demolded after 24hours of casting and wet cured for 7 days (prism specimens with the help of jute bags) at temperature of 27±2°C. Subsequently, the samples were kept in the laboratory environment for 7 days. Thereafter, inhibitors were applied by brush on all faces of the cubes and on the top surface of prismatic samples except in control specimens. The inhibitors were applied at the rate of 500 g/m 2 on all six faces of cubes and on the top surface of prism specimens in three consecutive layers. The side surfaces and the bottom of prism specimens were sealed with sealant in order to ensure unidirectional flow of carbon dioxide and the carbonation front into concrete. The photograph of prism specimens is shown in Fig. 2(a) .
Before actual exposure to carbon dioxide, all the specimens were preconditioned to achieve an even distribution of moisture. The preconditioning was done by keeping the specimens in the carbonation chamber at temperature of 30 ± 2°C and relative humidity of 60-70% for a period of 15 days. After the end of preconditioning, the specimens were subjected to accelerated carbonation by maintaining CO 2 concentration of 5% by volume for a period of 90 days at 30 ± 2°C temperature and 60-70% relative humidity.
Electrochemical impedance and carbonation depth measurements
Carbonation process was investigated with the help of EIS, which was performed on the prism specimens at an interval of 15 days till the end of testing program. The alternating current (AC) signal was supplied with a 25 mV RMS for a frequency range of 100 kHz to 10 mHz with five points obtained per decade. The same frequency range is used by previous researchers for studying corrosion mechanism in reinforced concrete (Dhouibi et al. 2002; Ribeiro and Abrantes 2016; Dong et al. 2016) . The measurements were made by using ACM (automatic corrosion monitoring) field machine that is provided with the guard ring for confinement of current. However, the effect of the guard ring is not considered because of the small clear cover (5 mm). In order to provide ionic conduction, a 5mm thick wet sponge was placed between top surface of prism specimen and guard ring (Fig. 2b) . The wetted sponge was kept on the prism specimen at least two hour prior to measurement in order to ascertain uniform moisture content on the cover concrete. Also, all the measurements were performed using the same arrangement in order to minimize the error induced by the geometry. The experimental set up used for corrosion monitoring is shown in Fig. 2(b) .
The carbonation depth was also measured after every 15 days till the exposure duration of 90 days. At every test age, after splitting the cubes into two halves, the exposed surface was cleaned and sprayed with Phenolphthalein indicator. The indicator used was a phenolphthalein 1% ethanol solution with 1g phenolphthalein and 90 ml 95.0 V/V% ethanol diluted in water to 100 ml (Fukushima et al. 1998) shima et al. 1998). The average depth of colourless region was measured from twenty four points (twelve readings on each split surface) using a vernier caliper with least count on 0.02 mm. The average value was taken as carbonation depth for the specimen.
Results and discussion
According to ASTM G3 (ASTM,2004) electrochemical impedance data can be represented in two formats, Nyquist and Bode plot. Nyquist plot corresponds to graph of Z= Z′ + jZ″ (where Z′ is the real part and Z″ is the imaginary part) plotted at different frequencies. Bode plot format further has two representations (i) Bode magnitude plot (ii) Bode phase angle plot. In Bode magnitude plot, the base-ten logarithm of frequency is plotted on abscissa and base-ten logarithm of impedance magnitude is plotted on ordinate. In Bode phase angle plot, negative of phase angle is plotted against base-ten logarithm of frequency. The analysis of impedance spectra in concrete became difficult to explain due to overlapping phenomena and noise in the measurement (Ribeiro and Abrantes 2016) . Figure 3 shows the Nyquist plot with three distinct features (A, B, C). These features are commonly observed in impedance spectra (Ford et al. 1998 ). It should be pointed out that high frequency feature A generally observed in kHz range is related to the bulk properties of the concrete. Feature B, observed in Hz frequency range, corresponds to the corrosion products formed in the pores of the cement paste. The lowest frequency feature C, observed in the mHz frequency range, is associated with the formation of extremely resistive product layer on the rebar surface. Generally, feature B gets besieged by feature C in the plot. The existence of feature B can be emphasized by the deviation of the plot from the fitting line for arc C (as shown in Fig. 3) . The deviation of the actual curve from the straight line indicates the presence of feature B.
Further, the impedance plots so obtained were modeled by using ZMAN software. Due to complexity of the reinforced concrete interface, basic Randle circuit could not be applied to interpret the impedance spectra. Previous researchers Ismail and Ohtsu 2006; Duarte et al. 2014; Montemor et al. 2002; Ribeiro and Abrantes 2016; Braganca et al. 2014; Criado et al. 2012) have proposed several equivalent circuits to model the different stages of reinforced concrete corrosion process. In this present work, several models were tried to obtain the best fit equivalent circuit and circuit that fitted best for the experimental data is presented in Fig. 4 . In the equivalent circuit, R s stands for electrolytic resistance of pore solution in concrete followed by series of impedances that can be related to steel/concrete interface. First impedance (Z 1 ) corresponds to Faraday's procedure inside the concrete; while second impedance (Z 2 ) corresponds to Faraday's procedure between the interfacial films and rebar. Impedance Z 1 consists of constant phase element (CPE 1 ) between the solid/ liquid phase in the bulk and resistance (R 1 ). Similarly, Impedance Z 2 is composed of constant phase element (CPE 2 ) between the interfacial film and steel, resistance (R 2 ) caused by charge transfer procedure within rust product on the surface of the rebar and Warburg element (W). Warburg element is introduced in low frequency region to account for diffusion of ionic species at the electrode/electrolyte interface. Generally, a Warburg element is connected in series with the charge transfer resistance due to response from faradic process occurring at the interface (Ribeiro and Abrantes 2016) .The impedance elements (CPE 1 , R 1 ) for higher frequency region corresponds to the bulk properties of the concrete, while impedance elements (CPE 2 , R 2 , W) in the lower frequency region corresponds to the corrosion reaction (Fe +2/ Fe +3 ) that occur at the rebar surface.
Constant phase elements (CPE 1 , CPE 2 ) are widely used in impedance data fittings to allow dispersed semicircles. The dispersion in semi circle is caused by surface reactivity, surface in-homogeneity, roughness, porosity of concrete, irregularities on the rebar etc Monticelli et al. 2011; Braganca et al. 2014; Criado et al. 2012; Ramachandran and Beaudoin 2000) . The impedance (Z) of a constant phase element, depends on the angular frequency as: where Y 0 is the admittance, j 2 = (-1), ω is the angular frequency, α (in the range of 0<α<1) is defined as the constant phase elements (CPE) power, when α =0, CPE is a pure resistor; α = 1 CPE is pure capacitor (Fajardo et al. 2014; Criado et al. 2012) . Nyquist and Bode magnitude plots for control and inhibitors applied concrete specimens with experimental (raw) and fitted data are presented in Figures 5-7 . The corresponding impedance differences measured between various frequency ranges are presented in Table 3 while Table 4 presents the resistive parameters obtained by using equivalent circuit for control and inhibitor treated samples.
Impedance spectra for control sample
Impedance spectra recorded for control sample at different carbonation exposure duration are presented in Fig.  5 . From the Fig. 5(a) it was observed that in all Nyquist plots two capacitive arcs were observed except in case of 1 day of exposure duration. First capacitive arc was observed between frequency 10 kHz to 10 Hz and corresponds to bulk properties of the concrete, while second capacitive arc (observed between frequency 10Hz to 10mHz) corresponds to electrode related features (Ford et al. 1998) . During initial exposure duration of 1 day, first capacitive arc in high frequency is not observed. It indicates the presence of natural pores and highly conductive OHions at the steel/concrete inter- Table 3 Raw impedance difference variation with exposure duration for concrete samples exposed to 5% CO 2 in the presence and absence of corrosion inhibitors.
Impedance difference between frequency 10Hz-10kHz
(kΩ cm 2 ) (Z DH ) Impedance difference between frequency 10mHz-10Hz (kΩ cm 2 ) (Z DL ) face. Large second capacitive arc observed at low frequency during 1 day of exposure indicates the presence of an extremely resistive passive layer on the rebar surface because of high pH of the pore solution. In bode magnitude plot (Fig. 5b) also the behavior of the specimen take a shift from resistive (high frequency) to capacitive side (low frequency) at 1 day of exposure duration. The observed capacitive behavior suggests the presence of homogeneous protective layer on the rebar (Jamil et al. 2004; Ford et al. 1998 ).
With the increase in exposure duration to 30 days, the capacitive arc in high frequency range starts increasing, with a corresponding decrease in low frequency arc was observed. The presence of small capacitive arc at high frequency range indicates the presence of porous structure at interface. While decrease in low frequency arc indicates the initiation of breakdown of protective layer on the rebar surface.
The behavior of the impedance spectra changed drastically at 60 days of exposure duration. Large increase in radius of first capacitive arc (high frequency) was observed during this exposure duration. Increase in arc occurs due to the alteration of chemical composition at the concrete rebar interface. Progressive carbonation leads to the formation of CaCO 3 , which has very low solubility and gets precipitated as solid matrix in the pores present in concrete, hence densifying the microstructure of the concrete and decrease the porosity of concrete (Montemor et al. 2002; Talukar et al. 2012 ). , Riberio and Abiantes (2016) also observed that radius of high frequency arc increase with progressive carbonation. At low frequency, further decrease in second capacitive arc shows the continuous de-passivation at rebar surface.
The behavior of the high frequency arc recorded at 90 days of exposure duration was similar to the 60 days of exposure duration with small increase in radius of arc. This small variation in radius of arc indicates the slow-down of the hydration process and slower carbonation front due to densification of concrete matrix (Montemor et al. 2002) . However, the second arc at low frequency becomes highly diminishing. It indicates the complete breakdown of resistive oxide layer on the rebar surface. This layer was formed when a passive oxide film grow on the rebar due to high pH of the concrete. A similar resistive behavior of the samples at low frequency range was observed in the corresponding Bode plot (Fig. 5b) at 90 days of exposure duration. Hence, at 90 days of exposure duration, large increase in radius of high frequency arc indicates the carbonation of concrete, while small low frequency arc indicated the loss of passive layer at the rebar surface. Figure 6 depicts the impedance spectra for concrete samples treated with corrosion inhibitor C.I. 1. During the initial exposure duration (1 day) the recorded impedance spectra was similar with the control sample spectrum. Figure 6(a) indicates that behavior of the C.I. 1 inhibitor treated samples was different than the control sample after 1 day of exposure duration. From the Nyquist plots obtained at various exposure durations, it was observed that high frequency arc had an initial large increase in radius as compared to the arc obtained at 1 day of exposure duration; thereafter it increases at slower rate till the end of exposure duration. Abrupt increase in high frequency arc at 30 days of exposure represents that presence of inhibitor alters the bulk properties of the concrete. The inhibitor may have blocked the surface pores, thus increasing the resistance of bulk concrete. Once the surface pores are blocked, uniform dispersion of the inhibitor in bulk concrete takes place. At low frequency, large capacitive arc was observed at 1 day of exposure. With the increase in exposure duration, small decrease in the low capacitive arc was observed. Also, a distinct straight line at 45º angle can be observed, which represents occurrence of diffusion control phenomenon at rebar surface (Ribeiro and Abrantes 2016; Ford et al. 1998) .
Impedance spectra for C.I. 1 inhibitor treated samples
The Bode magnitude plot at all exposure durations is resented in Fig. 6(b) . As indicated in the figure, there is an abrupt increase in impedance at 10 kHz frequency from 39 kΩ cm 2 (1 day) to 132 kΩ cm 2 (30 days), which got stabilized after that till 90 days of exposure duration. Increase in impedance at 30 days of exposure represents the alteration made by inhibitors in the concrete pore matrix. Once the pore blocking effect is made, no further alteration in the matrix was observed till the end of exposure duration.
Impedance spectra for C.I. 2 inhibitor treated samples
Impedance spectra of corrosion inhibitor C.I. 2 at all exposure durations (Fig. 7) indicates that C.I.2 treated samples behaves differently from C.I. 1 inhibitor treated samples. Gradual increase in radius of first capacitive arc (at high frequency) was observed till 90 days of exposure, as can be seen in Fig. 7(a) . It indicates that the pore blocking effect developed gradually with the increase in exposure duration. Corresponds to 10 kHz frequency the impedance measured at 1 day, 30 days, 60 days and 90 days of exposure duration was 39 kΩ cm 2 , 65 kΩ cm 2 , 82 kΩ cm 2 and 120 kΩ cm 2 respectively. Continuously increase in impedance represents the presence of conductive ions (OH -) in the pore solution. The behavior of the second arc observed at low frequency range was not so much affected by the increase in exposure duration. It indicates that the passive oxide layer on the rebar surface is still effective in C.I.2 treated samples. The corresponding Bode plot as shown in Fig. 7(b) also indicates capacitive behavior for all exposure durations at low frequency range.
Analysis of impedance difference at three distinct frequencies
In order to find the correlation between impedance with progressive change in properties of bulk concrete and rebar under carbonation exposure, impedance values at three reference points in the impedance spectra were noted. The reference points were decided as three frequency levels, 10 kHz, 10 Hz and 10 MHz, corresponding to high frequency, intermediate frequency and low frequency respectively. The points are marked in the Nyquist plots for each specimen and at all exposure durations, as shown in Figures 5-7 . In each Nyquist plot, 10 kHz corresponds to start of the arc, 10 Hz marks sudden change in the arc and 10 MHz is near the end of the plot. The difference in the impedance values obtained at these frequency levels was calculated and is presented in Table 3 .
It can be seen from the table that for all specimens, impedance difference at high frequency (10 Hz -10 kHz) "Z DH " continuously increases with exposure duration, while impedance difference at low frequency (10 MHz -10 Hz) "Z DL " mark continuous decrease with exposure duration. As discussed earlier, Z DH was correlated to the properties of bulk concrete, while Z DL was correlated with the passive oxide layer on the rebar surface.
As can be seen from the table, for the control specimens, large increase in Z DH indicates the progressive increase in carbonation front, thus densifying the pore matrix due to deposition of carbonation products with exposure duration. On the other hand, C.I. 1 and C.I. 2 inhibitors treated samples shows 41.43% and 69.1% lower value of Z DH respectively as compared to the control sample at the end of exposure duration. Measured lower value of Z DH in inhibitor treated samples indicates the presence of porous structure at concrete rebar interface.
At low frequency, for control sample large decrease in Z DL value was associated with the breakdown of the passive oxide layer with exposure duration. While both the inhibitors treated samples shows higher value of Z DL as compared to the control sample at the end of exposure duration. This large increase in impedance values (67.58 kΩ cm 2 ) for C.I.1 and (82.8 kΩ cm 2 ) for C.I. 2 inhibitor treated samples as compared to control sample (8.4 kΩ cm 2 ) indicates the formation of protective inhibitor layer at the rebar surface.
Analysis of fitting parameters obtained by equivalent circuit
Further, the fitting of the impedance plots was made by using the equivalent circuit shown in Fig. 4 . The resistive parameters obtained after fitting of the raw data with equivalent circuit are presented in Table 4 . The measured resistive parameter R s corresponds to the electrolytic resistance of pore solution; R 1 corresponds to the resistance caused by ions transfer inside the bulk concrete while R 2 corresponds to the resistance caused by charge transfer procedure on the surface of the rebar Montemor et al. 2000) . For control sample, continuous increase in resistance (R 1 ) from 19.0 kΩ cm 2 (15 days) to 140.8 78 kΩ cm 2 (at 90 days) was observed, while resistance R 2 decreased from 9.1 × 10 5 Ω cm 2 (1 day) to 0.7 × 10 5 Ω cm 2 (90 days). The application of inhibitor C.I. 1 sharply increased the resistance R 1 during the initial 30 days of exposure duration. On comparison with control sample, C.I. 1 inhibitor treated specimen shows 70% higher resistance at 30 days of exposure duration. This increase in resistance may be caused by the pore blocking effect of inhibitor because the observed carbonation depth (discussed below) for C.I. 1 inhibitor treated specimen was lower as compared to the control sample. Thereafter, gradual increase in resistance R 1 from 78.1 kΩ cm 2 (45 days) to 107.7 kΩ cm 2 (90 days) was observed. However, the value of R 2 also decreased even with the application of C.I 1 inhibitor. Also, a Warburg resistance with values in the range of 0.003 -0.2 kΩ cm 2 was observed after 1 day of exposure duration. Both the values of R 2 and presence of Warburg resistance suggests that C.I. 1 corrosion inhibitor decreases the corrosion rate by retarding the diffusion phenomena, while this inhibitor does not alter the charge transfer process at the rebar surface.
Concrete sample treated with inhibitor C.I. 2, exhibited 67.1% lower value of R 1 as compared to the control sample at the end of exposure duration. This may be due to formation of different reaction products and presence of highly conductive ions inside the concrete. For C.I.2 inhibitor treated sample, R 2 value observed was also higher than the control sample. Observed higher value of R 2 suggests that inhibitor reinforced the passive film on the rebar probably by surface adsorption (Criado et al. 2012) . Jamil et al. (2004) also suggested that amino alcohol based inhibitor are able to displace hydrated layer of the iron oxides/ hydroxides surface film in order to create more favorable anchorage sites for the formation of protective inhibitor layer. However, in this present study the transport and protection mechanism of the inhibitors were not studied.
Further, by applying the equivalent circuit in lower frequency region of the Nyquist plots, resistance R 2 (also referred as a polarization resistance, R p ) was estimated (Ismail and Ohtsu 2006; Criado et al. 2012) . The values obtained for all specimens at different exposure durations are presented in Table 4 . These values of R p were used to estimate the efficiency of inhibitors. 
Prediction of carbonation depth from Z DH and fitted R 1 value
In Nyquist plot the first capacitive arc is related to the properties of bulk concrete, which gets affected by the progressive carbonation process. It indicates that the carbonation depth can be correlated with the data corresponding to this arc of impedance spectra. Therefore, the quantized link between the impedance difference measured between 10 Hz to 10 kHz frequency range, fitted value of R 1 and carbonation depth was attempted. For this, carbonation depth was measured on 100 mm cubes for control and inhibitor treated samples at same exposure duration at which EIS reading was recorded. Table 6 shows the measured value of carbonation depth by phenolphthalein indicator. From Table 6 it was ob- Table 3 and carbonation depth, it was observed that carbonation depth is directly proportional to impedance difference at high frequency (Z DH ). The logarithmic relationship was thus obtained between the carbonation depth and{Z DH (t) -Z DH (1)}.
From regression analysis the corresponding relationship so obtained as under:
In above Eq.
(2) D(t) refers to carbonation depth at time 't' , Z DH (t) refers to impedance difference measured between 10 Hz -10 kHz frequency range at time 't' and Z DH (1) refers to impedance difference measured between 10 Hz -10 kHz frequency range at one day of exposure. The fitting curve for carbonation depth versus logarithm of impedance difference is shown in Fig. 8 . It was observed that good relation was established between carbonation depth and impedance difference at high frequency with correlation coefficient R 2 as 0.917.
Similarly, on the basis of fitted parameter R 1 which corresponds to the resistance caused by ions transfer inside the bulk concrete, the relationship between carbonation depth and resistance R 1 can be derived as:
In above Eq. (3), D(t) refers to carbonation depth at time 't' , R 1 (t) refers to resistance R 1 value at time 't' and R 1 (1) refers to resistance R 1 value at one day of exposure. The fitting curve for carbonation depth versus resistance {R 1 (t) -R 1 (1)} is shown in Fig. 9 .
Based upon the above established relationship carbonation depth values was predicted and shown in Table 7. Table 7 shows that for control sample, carbonation depth measured from phenolphthalein indicator reached to 10.9 mm while the calculated depth from impedance value was 12.2 mm and form resistance R 1 was 10.9 mm at 60 days of exposure duration. Carbonation depth predicted from impedance values shows larger variation (11.9%) as compared to prediction from resistance R 1 . Similarly for control sample at 90 days of exposure duration carbonation depth observed was 14.6mm while predicted from impedance and resistance R 1 was 13.9 mm and 13.6 mm respectively.
Concrete samples treated with corrosion inhibitor C.I. 1 shows 8.5% and 17.1 % higher carbonation depth pre- diction from impedance and resistance R 1 respectively as compared to the measured value of carbonation depth at 60 days of exposure duration. While at 90 days of exposure duration, carbonation depth predicated form impedance value was 16.5 % lower and predicted with resistance R 1 was 2% higher than the measured carbonation depth.
For concrete sample treated with corrosion inhibitor C.I.2 the measured value for carbonation depth at 60 days of exposure was 5.7 mm while predicted values from impedance and resistance R 1 was 6.3 mm and 5.2 mm respectively. At 90 days of exposure duration carbonation depth predicted form impedance and resistance was 13.7 % and 21.2% lower than the observed value. As can be seen from the table, the variation in the predicted and measured carbonation depths is below 15% for most of the exposure durations. On the basis of above discussion it can be concluded that raw as well as fitted data of impedance spectra can be used effectively to evaluate the carbonation behavior of the concrete sample with and without the inhibitor application.
Conclusions
The impedance results obtained for reinforced concrete exposed to accelerated CO 2 environment for 90 days indicated that this technique can be used as NDT to monitor the carbonation behaviour in reinforced concrete. Discrepancy between the raw and fitted data is less than 5%, indicating that the adopted equivalent circuits describe the steel-concrete interface effectively. The efficiency of sample treated with C.I. 1 was maximum at the starting of exposure, which stabilized at the lower level towards the end of exposure. On the other hand, efficiency of sample treated with C.I. 2 improved with time. The mechanism of protection provided by both the tested inhibitors varies. C.I. 1 decreases the corrosion rate by retarding the diffusion process, while it does not hinder the charge transfer reaction on the rebar surface. On the other hand, C.I. 2 provided double protection, in terms of controlling diffusion of carbonation front and retarding the charge transfer reaction on the rebar surface. At the end of exposure duration, the inhibition efficiency of C.I. 2 was as high at 91%, whereas the corresponding value of C.I. 1 was nearly 50%.
By comparing the measured carbonation depth with difference in impedance obtained at "t" time and impedance obtained at one day, it is found that carbonation depth has a logarithmic relationship with impedance difference: D(t) ≈ 10.99 log{Z (t) -Z (1)} -0.368. On the other hand, carbonation depth also has a strong relationship with fitted R 1 values as: D(t) ≈ 0.081{ R 1 (t) -R 1 (1) } + 2.207. Both of these relationships can be used effectively to predict the carbonation depth of the concrete treated with and without corrosion inhibitors.
